
SYMPOSIUM

Complex Life Cycles and the Responses of Insects to
Climate Change
Joel G. Kingsolver,1,* H. Arthur Woods,† Lauren B. Buckley,* Kristen A. Potter,†

Heidi J. MacLean* and Jessica K. Higgins*

*Department of Biology, University of North Carolina, Chapel Hill, NC 27599, USA; †Division of Biological Sciences,

University of Montana, Missoula, MT 59812, USA

From the symposium ‘‘A Synthetic Approach to the Response of Organisms to Climate Change: The Role of Thermal

Adaptation’’ presented at the annual meeting of the Society for Integrative and Comparative Biology, January 3–7, 2011,

at Salt Lake City, Utah.

1E-mail: jgking@bio.unc.edu

Synopsis Many organisms have complex life cycles with distinct life stages that experience different environmental

conditions. How does the complexity of life cycles affect the ecological and evolutionary responses of organisms to

climate change? We address this question by exploring several recent case studies and synthetic analyses of insects.

First, different life stages may inhabit different microhabitats, and may differ in their thermal sensitivities and other

traits that are important for responses to climate. For example, the life stages of Manduca experience different patterns of

thermal and hydric variability, and differ in tolerance to high temperatures. Second, life stages may differ in their

mechanisms for adaptation to local climatic conditions. For example, in Colias, larvae in different geographic populations

and species adapt to local climate via differences in optimal and maximal temperatures for feeding and growth, whereas

adults adapt via differences in melanin of the wings and in other morphological traits. Third, we extend a recent analysis

of the temperature-dependence of insect population growth to demonstrate how changes in temperature can differently

impact juvenile survival and adult reproduction. In both temperate and tropical regions, high rates of adult reproduction

in a given environment may not be realized if occasional, high temperatures prevent survival to maturity. This suggests

that considering the differing responses of multiple life stages is essential to understand the ecological and evolutionary

consequences of climate change.

Introduction

Climate change is not simply global warming.

General circulation models (GCMs) predict that the

magnitude of recent and future warming will vary

with latitude, continent, season, and the diel cycle

(IPCC 2007). The increasing frequency of extreme

temperature and precipitation events will vary season-

ally and regionally (Battisti and Naylor 2009) and may

pose a greater challenge to the survival and fecundity

of organisms than do changes in mean conditions

(Helmuth et al. 2002; Hoffmann et al. 2003;

Stillman 2003). The spatial and temporal heterogene-

ity of climate change will generate novel climates in

many geographic regions—seasonal patterns of tem-

perature and precipitation that do not currently exist

(Williams and Jackson 2007; Williams et al. 2007).

The appearance of novel climates poses an impor-

tant challenge for scientists trying to predict the eco-

logical and evolutionary responses of organisms to

climate change. To predict the geographic ranges of

species, environmental niche models (ENMs) depend

critically on how different seasonal and diurnal com-

ponents of temperature and precipitation are corre-

lated (Meynard and Quinn 2007). Anticipated

changes in this correlation structure during climate

change, and the need to extrapolate to new environ-

mental conditions, will limit the utility of ENMs for

predicting changes in geographic range or abundance

(Williams and Jackson 2007; Williams et al. 2007).

More mechanistic models that incorporate phenotyp-

ic and ecological information are now being devel-

oped to predict ecological responses to climate
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changes (Kearney and Porter 2009; Morin and

Thuiller 2009; Buckley et al. 2010); the present sym-

posium provides several excellent examples of this

approach (A. L. Angert et al., submitted for publica-

tion). These models strive to translate environmental

conditions into physiological impacts on organisms

(Bakken et al. 1985) and to incorporate organismal

responses to temporal and spatial climate variations

that are often averaged in ENMs (Helmuth et al. 2005).

Our paper explores an issue rarely addressed by

either ENMs or mechanistic models: life cycles often

are complex. Most multicellular organisms have dis-

tinct life stages that vary in size, morphology, phys-

iology, and other traits. Different life stages of an

organism often experience different seasonal environ-

ments; inhabit different habitats and microclimates;

and have different physiological sensitivities and

responses (Coyne et al. 1983). As a result, different

life stages contribute differentially to total lifetime

fitness, and their relative contributions can vary

markedly with weather and climate (Dempster

1983; Kingsolver 1989; Crozier 2003; Both and

Visser 2005). How are different life stages specifically

adapted to the microclimatic conditions they experi-

ence? How might this alter ecological and evolution-

ary responses to climate change?

Here, we address these questions in two ways.

First, we explore the connections among life stage,

microclimate and climatic adaptation in two well-

known and well-studied insects: the sphingid moth,

Manduca sexta, and Colias butterflies. Second, we

consider recent models that predict the fitness

consequences of climate change for tropical and tem-

perate insects, based on the integrated measures of

lifetime fitness (Deutsch et al. 2008). We explore

how decomposing lifetime fitness into the thermal

sensitivities of immature and adult stages may alter

these predictions, and highlight the potential impor-

tance of survival at extreme high temperatures. Our

analyses suggest that differences among life stages

may be critical in understanding ecological and

evolutionary responses of insects to variation and

extremes in climate.

Life stage, microclimate, and
adaptation in M. sexta

Manduca sexta inhabit parts of North America and

South America (Rothschild and Jordan 1903) and is

common across the southern United States. It occurs

in smaller, more scattered populations further north

in the United States, especially along the East

Coast (Opler et al. 2010). Like all holometabolous

insects, M. sexta has distinct egg, larval, pupal and

adult stages. The adults (hawkmoths) are nocturnal

nectar-feeders and pollinators. Females lay eggs on

leaves of host plants, which are primarily in the night-

shade family (Solanaceae). Typical host plants in the

southeastern United States include domesticated to-

bacco (Nicotiana tabacum) and tomato (Lycopersicon

esculentum), and native Datura (D. stramonium); in

the southwestern United States, typical hosts include

native tobacco (N. attenuata), chilies (Capsicum sp.),

and Datura (D. wrightii and D. discolor). Larvae (to-

bacco hornworms) feed and grow through five larval

instars, sometimes more. Toward the end of the final

instar, larvae wander off the host plant and burrow

into nearby soil, creating a chamber in which pupation

occurs (Madden and Chamberlin 1945). A facultative

winter diapause, mediated by photoperiod during the

larval stage, occurs during the pupal stage (Rabb 1966,

1969). At the end of the pupal stage, adults eclose

and crawl to the surface before expanding and

drying their wings. The number of generations

(voltinism) varies with latitude; in the southern

United States, there are typically two or more genera-

tions per year. As a result, each life stage of M. sexta

experiences distinctly different climatic and microcli-

matic conditions, with important consequences for

stage-specific thermal and hydric adaptations.

Adults

Hawkmoths are large, powerful flyers, mostly active

at dusk and at night. They hover during nectar-

feeding, and are capable of sustained, long-distance

flights covering many kilometers in a single night.

Generating enough power for flight is supported in

part by high thoracic temperatures, the heat for

which comes from muscle contractions (a form of

periodic endothermy) (Heinrich 1970). Before taking

off, moths intensively shiver their thoracic flight

muscles, which generates heat and raises body tem-

peratures well above ambient air temperatures.

During flight, moths maintain thoracic temperatures

of 38–428C over air temperatures from 108C to 358C
(Heinrich 1970).

As a result, hawkmoth flight probably is not

strongly limited, in a proximate sense, by local tem-

peratures, although ambient temperatures do affect

the nectar (energy) resources required for flight.

Indeed, adult M. sexta are frequently captured in

the United States well north of areas that support

year-round populations (Opler et al. 2010).

Eggs

Female moths lay eggs singly on the undersides of

host-plant leaves. As is typical for most eggs of
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insects, those of M. sexta are small (�1.5 mm dia-

meter), sessile, and cannot thermoregulate. Unlike

adults, which have the advantage of mobility and

functional organs, embryos must rely on cellular

mechanisms to survive thermal stress (Feder 1997).

Development and survival of eggs therefore depend

strongly on local temperature (Potter et al. 2009;

Woods 2010). Interactions of temperature with

other factors, including oxygen and water, may be

important as well; e.g., low humidity may help eggs

survive short heat shocks if they, or their host’s leaves,

can cool themselves significantly via evaporation.

Potter et al. (2009) have recently explored the per-

formance of eggs, of M. sexta, in the extreme thermal

and hydric conditions of southeastern Arizona.

Maximum daily air temperatures in locations where

M. sexta lives in Arizona, during the summer, rou-

tinely exceed 408C, with extremes up to 458C (Potter

et al. 2009). Daytime humidities in summer are typ-

ically lower than 25%, increasing the potential for

evaporative water loss from eggs. Since the eggs are

small, they are nearly always isothermal with nearby

microenvironments. However, eggs lie within the

boundary layer of the leaf’s surface (Woods 2010):

within this layer, transpiration from the leaf can

reduce temperatures and increase humidities relative

to ambient conditions (Smith 1978). For D. wrightii,

the major host plant in Arizona, maximum leaf tem-

peratures during the day is 4–88C below ambient air

temperatures, so that eggs on this host plant rarely

experience temperatures 4408C (Potter et al. 2009).

Laboratory studies show that development times and

mortality rates of eggs increase dramatically with ex-

posure to cyclical temperatures that peak 4408C.

Furthermore, the conditions that eggs experience

affect the larvae that they produce; hatchlings from

warmer eggs are smaller and have slower initial

growth rates (Potter et al. 2010). More generally,

eggs of M. sexta do not develop successfully at

mean (constant) temperatures 4328C (Woods and

Bonnecaze 2006). Poor performance of eggs at high

temperatures may be driven, in part, by interactions

between temperature and oxygen status—eggs at

higher temperatures appear to be increasingly limited

by the availability of oxygen (Woods and Hill 2004).

In the field, microclimates ameliorate extremes of

ambient temperature, increasing egg survival, and

developmental rates (Potter et al. 2009). Since evap-

orative cooling is effective only at low humidities, it

is unlikely to be as important in the humid, south-

eastern United States. However, maximum daily air

temperatures in the southeastern United States rarely

exceed 388C, so that fried eggs may be less likely

anyway.

Although loss of water by eggs varies inversely

with ambient humidity, eggs of M. sexta can develop

to hatching in essentially any humidity (0–100%)

(Woods et al. 2009) (K. A. Potter and H. A.

Woods, unpublished data). Ecologically relevant

rates of water loss do not affect rates of embryonic

mortality or how well they survive subsequent heat

shock (K. A. Potter and H. A. Woods, unpublished

data), suggesting that in nature extreme heat is a

more serious risk to eggs than is desiccation.

Moreover, eggs appear to have well-developed phys-

iological mechanisms for dealing with a wide range

of potential water losses (Zrubek and Woods 2006).

Larvae

Manduca larvae weigh �1 mg at hatching, when they

begin to feed. Under favorable conditions, larvae can

grow to 8–12 g in 53 weeks—a 10,000-fold increase

in size. Larvae rapidly outgrow the leaf boundary

layer (usually less than few millimeters thick)

(Woods 2010), and forage actively among different

leaves. As a result, the temperature of a larva changes

during ontogeny (see Reavey 1993) from being gov-

erned by leaf temperature (early instars) to being

governed by ambient air temperature and solar radi-

ation (later instars).

Because of their larger size, M. sexta larvae, com-

pared to eggs, experience a somewhat wider range of

temperatures in the field. During the daytime in the

southwestern United States (Mojave Desert, CA),

larvae are �1–48C above ambient air temperatures

(Casey 1976). Measurements with physical models

of larvae in tobacco gardens in the southeastern

United States (Piedmont, NC) suggest a similar pat-

tern (Kingsolver 2000) (J. G. Kingsolver, unpublished

data). When temperatures permit, larvae feed

throughout the diel cycle (Bernays and Woods

2000). Thus, larvae of M. sexta do not actively reg-

ulate body temperature (except to avoid deleteriously

high temperatures) and can feed over a wide range of

body temperatures (10–378C) (Casey 1976).

The thermal niche—the range of temperatures

over which larvae survive to pupation—is somewhat

narrower than the range of temperatures over which

larvae feed (Reynolds and Nottingham 1985;

Petersen et al. 2000; Kingsolver and Nagle 2007):

survival to pupation exceeds 80% at mean rearing

temperatures between 208C and 308C, but declines

rapidly below 188C and above 358C. Both body size

and time to pupation decline with increasing tem-

peratures between 208C and 358C (Davidowitz and

Nijhout 2004), although this pattern for body size

can be reversed if larvae eat low-quality host plants

Insect life cycles and climate change 3
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(Diamond and Kingsolver 2010). Pupal (and adult)

mass is strongly correlated with production of eggs

(Diamond and Kingsolver 2010).

Pupae

Toward the end of the final instar, M. sexta larvae

stop feeding, wander from their host plant, and

burrow into the soil to pupate. Burrowing depth

varies from 5 to 30 cm, depending on density and

composition of the soil (Madden and Chamberlin

1945) (J. C. Sprague, unpublished data). At depth,

each larva spends several days constructing a pupal

chamber, consisting of walls of compacted soil held

together by oral secretions (Joesten et al. 1982).

Chambers have total volumes �5� larger than the

pupae. The functions of chambers are currently un-

known but probably include improvement of either

the physical or biotic conditions around the pupae

(J. C. Sprague, unpublished data).

Variability in temperature and moisture of the soil

declines rapidly with depth into the soil (Campbell

and Norman 1998). For example, in Arizona, tem-

peratures at the soil surface often swing 25–308C
over 24 h, with maximum surface temperatures of

35–508C (Fig. 1). In contrast, diurnal fluctuations

at 10 cm depth are only 5–108C (J. C. Sprague,

unpublished data). Maximum surface temperatures

in NC are somewhat lower (Fig. 1), but we see

comparable reductions in diurnal temperature fluc-

tuations at typical pupal depths of 10–20 cm (J. G.

Kingsolver, unpublished data). As a result, nondia-

pausing pupae of M. sexta experience a much

narrower range of temperatures than do other life

stages, and they rarely experience temperatures ex-

ceeding 308C. Diurnal temperature fluctuations for

pupae are quite small, and temperatures of diapaus-

ing pupae over the winter probably track mean

monthly ambient air temperatures quite closely

(Campbell and Norman 1998).

Data on thermal sensitivity of pupae are more

limited than for other life stages (Fittinghoff and

Riddiford 1990; Kingsolver et al. 2007). At constant

temperatures, pupae survive well at temperatures be-

tween 208C and 308C, but very poorly at tempera-

tures of 158C or 358C (J. G. Kingsolver and A. M.

Nagle, unpublished data). Similarly, rate of develop-

ment increases rapidly with temperature from 208C
to 308C but declines at higher temperatures, as mor-

tality increases (J. G. Kingsolver and J. K. Higgins,

unpublished data).

In summary, egg, larval, pupal, and adult stages of

Manduca inhabit different microhabitats, with dis-

tinct microclimates, none of which directly reflect

macroclimatic conditions. For example, although

larvae and eggs both live on plants, their body tem-

peratures may differ by �108C, even on the same

leaf. Accordingly, individual insects exhibit different

thermal responses, and perhaps climatic adaptations,

in each stage. At higher temperatures, in particular,

rates of development and survival depend strongly

on life stage (Fig. 2): larvae develop successfully

and rapidly at constant temperatures (�328C) that

cause complete mortality in eggs. Our preliminary

data suggest that pupae and eggs respond similarly

Fig. 1 Soil temperatures over 24 h at depths of 0 and 10 cm, measured using calibrated thermocouples, at M. sexta sites near Portal,

Arizona (A) and Chapel Hill, North Carolina (B). Black lines are means over multiple days; background lines are individual traces (solid

gray for 0 cm; dotted gray for 10 cm). Measurements were made over �2 weeks in early August 2010 at both sites. Data from J. C.

Sprague and H. A. Woods (unpublished data) and J. G. Kingsolver (unpublished data).
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to high temperature (J. G. Kingsolver and J. K.

Higgins, submitted for publication). Differences in

sensitivity at lower temperatures are not apparent.

These differences in physiological responses among

eggs, pupae, and larvae reflect the different microcli-

mates experienced by each life stage, particularly at

higher temperatures. Flight in adult Manduca typi-

cally occurs at even higher body temperatures—tem-

peratures that are deleterious or fatal to eggs.

Because of their sheltered microclimates, eggs and

pupae are less exposed to extreme temperatures than

larvae. However, larvae can use behavior to thermo-

regulate or to seek thermal refuges (Coyne et al.

1983; Feder 1997). In addition, because they have

the longest duration of any stage, pupae must cope

with increasing seasonality, including greater varia-

tion in both temperature and precipitation. The rel-

ative importance of microclimatic buffering (eggs

and pupae) and behavioral movements (larvae) for

reducing the negative fitness consequences of future

climate warming remains to be explored.

Adaptation to local climate across
life stages of Colias

Colias is a diverse, largely Holarctic genus of butter-

flies (family Pieridae). It has been an important

insect model system for studying wing color, thermal

biology, and interactions with host plants (Boggs

et al. 2003; Watt 2004). In particular, different

Colias species and populations exhibit adaptation to

local climatic and host-plant conditions across a

range of elevations and latitudes in western North

America (Watt 2003). Here, we summarize differ-

ences in local adaptation of thermal sensitivity and

thermoregulatory traits between larval and adult

stages, and the potential implications of these differ-

ences for responding to climate change. Larvae are

cryptically colored (with no known relevance to ther-

mal biology) and thermoregulate only in extreme

temperatures. The thermal sensitivity of development

and growth differs among populations (Sherman and

Watt 1973). In contrast, thermal limits for adult

flight are similar across populations, but populations

differ in their thermoregulatory traits (wing mela-

nism; thickness of thoracic setae (‘‘fur’’).

Shifts in climatic means and extremes are likely

to be most significant for Colias in montane and

alpine species (e.g., Colias meadii �3200–3700 m)

(Watt et al. 1977; Watt 2003). Models of climate

project that typical summer temperatures in 2050

in Colorado, a focal location for research on

Colias, will be as warm as, or warmer than, the hot-

test 10% of summers that occurred between 1950

and 1999 (based on projections averaged over 22

climate models and three emissions scenarios) (Ray

et al. 2008).

Larvae

Colias larvae are cryptic green and have four larval

instars, with a facultative diapause during the third

instar. For most Colias species, host plants for larvae

are in the legume (Fabaceae), willow (Salicaceae), or

heath (Ericaceae) families. Field studies with several

species of Colias in Colorado show that survival to

pupation is often 54%, due to a combination of

weather, host-plant quality, host-plant senescence,

and natural enemies (Hayes 1981, 1984; Stanton

1984). Feeding and growth of larvae are strongly

limited by temperature, especially at higher eleva-

tions and latitudes. Larvae do not actively regulate

their body temperatures except to avoid tempera-

tures 4358C (Sherman and Watt 1973), which are

deleteriously high. However, some evidence suggests

that Colias from different regions differ in their ther-

mal sensitivities [thermal performance curves

(TPCs)] for feeding. For example, larvae of Colias

eurytheme from lowland California have maximal

feeding rates at body temperatures of 26–298C, and

can feed effectively at temperatures up to 318C
(Fig. 3) (Sherman and Watt 1973). In contrast,

Colias eriphyle sensu (Wheat and Watt 2008) from

montane Colorado (elevation �2800 m) experience

Fig. 2 Development rate (fraction of maximum) as a function of

(constant) rearing temperature for different life stages of M. sexta.

Eggs: Solid line and circles (data from Woods and Bonnecaze 2006).

Larvae: Dark gray dashed line and squares (data from Kingsolver

and Naylor 2007). Pupae: Light gray dashed line and triangles (data

from J. G. Kingsolver and A. M. Nagle, unpublished data).
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cooler ambient conditions, have maximal feeding

rates at 23–258C, and do not feed at temperatures

4288C (Fig. 3). Differences in feeding rates at low

temperatures (5208C) are not as great (Fig. 3). These

data suggest that Colias larvae have adapted to local

climatic conditions via shifts in their optimal and

maximal temperatures for feeding and growth

(Sherman and Watt 1973). The generality of this

pattern for other Colias species or populations has

not been established.

Adults

Colias butterflies are strong flyers, and all important

adult activities—feeding on nectar, locating mates,

courtship and mating, oviposition—require active

flight. Field studies show that adults typically live

for 57 days (Watt et al. 1977; Watt et al. 1979;

Tabashnik 1980), so that time available for flight

can strongly influence reproductive success

(Kingsolver 1983a; Springer and Boggs 1986).

To take off and fly, Colias require thoracic tem-

peratures of 30–408C (Watt 1968). Unlike Manduca,

Colias warm up by behavioral rather than by physi-

ological mechanisms. Under cool, sunny conditions,

Colias bask by closing their wings and orienting their

ventral wing surfaces perpendicular to the sun, in-

creasing absorption of solar radiation (Watt 1968).

At deleteriously high body temperatures (4408C),

they stop flying and orient parallel to the sun, there-

by reducing solar heating. Amount of melanization

(percent of scales that are melanic) in the posterior

region of the ventral hindwing (pVHW) determines

how much solar radiation they absorb and, therefore,

how far above ambient temperature their thoracic

temperature goes (Watt 1968; Kingsolver 1983b).

Unlike larvae, adults from different populations

and species do not have different TPCs: flight activity

is consistently highest at body temperatures of

34–388C (Watt 1968). Instead, adults have adapted

to local climates via two morphological traits: wing

melanin and the thickness of setae (‘‘fur’’) on the

ventral thorax (Watt 1968; Watt 1969; Kingsolver

1983b; Kingsolver and Watt 1984; Roland 1999).

In Colias, wing colors arise from yellow and orange

pteridine pigments and black melanic pigments

(Watt 1968). White ‘‘alba’’ wings are also common

in females of some species (Watt 1974). Individual

wing scales each have a single pigment type and

color, so that the overall wing pattern is a pointilistic

amalgam of differently colored scales (Nijhout 1986).

For example, populations of C. eriphyle along an el-

evation gradient (1.8–2.9 km) in Colorado show sig-

nificant increases in VHW melanin with increasing

elevation (Ellers and Boggs 2004). In C. eriphyle,

these population-specific differences affect the ability

and propensity of adults to fly and, therefore, also

affect egg production (Kingsolver 1983a; Springer

and Boggs 1986).

Colias from high elevations and latitudes are parti-

cularly challenged by the thermal requirements

for flight. For example, C. meadii is restricted to hab-

itats43000 m in Colorado, and adults have extensive

VHW melanin and thoracic fur. Analyses of museum

specimens of C. meadii, together with climatic data

from the past 30 years (1980–2005), suggest that

both maximum temperatures in July in Colorado

have increased during the past several decades and

that higher maximum temperatures are correlated

with lower VHW melanin (Stamberger 2006). It has

not been established whether these patterns reflect evo-

lutionary changes in wing melanin in response to cli-

mate change. However, the well-known linkages

between thermoregulatory traits and fitness suggest

that selection may act to decrease melanism and fur

thickness in response to climate change.

Understanding how an organism’s phenotype de-

termines the fitness consequences of shifts—both in

mean temperatures and in the incidence of extreme

temperatures—is central to forecasting ecological

and evolutionary responses to climate change.

Colias provides an ideal system for linking pheno-

types to fitness. Biophysical models enable us to pre-

dict flight times from thermoregulatory traits

(melanism, fur thickness, and environmental data)

Fig. 3 Feeding rate (mean� 1 SE) as a function of body

temperature in fifth-instar Colias larvae from low-elevation in

California (C. eurytheme, gray dashed line and squares) and mon-

tane Colorado (C. eriphyle, black solid line and circles). Data from

Sherman and Watt (1973).
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(Kingsolver 1983b). Since a Colias female typically

oviposits a single egg on a host-plant leaf before

flying to the next hostplant, flight time directly af-

fects female fecundity (Kingsolver 1983a). Besides

flight-related effects of temperature, Colias also expe-

rience mortality of eggs in response to acute thermal

stress (Kingsolver and Watt 1983). Mechanistic

models of responses to acute and chronic thermal

stress can predict the ecological and evolutionary

consequences of climate change.

In summary, larvae and adults of Colias have quite

different responses and adaptations to climate.

Adults use behavior to achieve and regulate the ele-

vated body temperatures required for flight; larvae

do not thermoregulate, and maximal rates of feeding

and growth occur at much lower temperatures.

Larvae and adults adapt to local conditions via

quite different mechanisms: larvae via physiology

(e.g., optimal and maximal temperatures for feeding

and growth) and adults via morphology (e.g., wing

melanin and thoracic fur).

These results raise an intriguing question: in re-

sponse to climate change, are physiological or mor-

phological traits more likely to evolve? (Ruibal 1961)

There is abundant evidence for directional selection

and rapid evolution of morphological traits in natu-

ral populations (Kingsolver et al. 2001a; Reznick and

Ghalambor 2001), including selection on wing mel-

anin in pierid butterflies (Kingsolver 1995a, 1995b).

Unfortunately, few field studies have examined rapid

evolution of physiological traits, except in response

to pesticides or other environmental toxins (Dalziel

et al. 2009; Kitano et al. 2010; Barrett et al. 2011).

The answer to the above question has important im-

plications for how rapidly different life stages will

adapt to climate change.

Temperature, fitness components,
and climate change

The impacts of climate change on populations

will depend both on the magnitude and patterns of

climate change and on the thermal sensitivity of

the organisms in question (Helmuth et al. 2005;

Tewksbury et al. 2008). Janzen (1967) predicted

tropical ectotherms to be thermal specialists com-

pared with higher-latitude relatives, because they

live now, and have evolved in, relatively seasonal

thermal environments. This prediction has been sup-

ported for ectotherms in several taxa (Ghalambor

et al. 2006; Sunday et al. 2011), but exceptions

have also been reported (Brattstrom 1968).

Several recent analyses have explored the conse-

quences of this difference, by combining different

scenarios of climate change with data on thermal

sensitivity of ectotherms, to predict consequences of

climate warming (Deutsch et al. 2008; Huey et al.

2009). For example, Deutsch et al. (2008) used

data and models for 38 insect species across a

range of latitudes to predict the fitness consequences

of climate warming, using the intrinsic rate of pop-

ulation increase (r) as a metric of fitness. Their anal-

yses suggest that climate warming in the next century

will increase mean fitness of species at temperate and

higher latitudes but decrease it for tropical and

low-latitude species. This prediction stems from

two factors. First, as predicted by Janzen (1967),

tropical species have narrower thermal tolerances,

and thus are more sensitive to given changes in tem-

perature. Second, many tropical species now live at

environmental temperatures close to their optimal

temperatures, such that even small increases in envi-

ronmental temperature may strongly depress fitness.

In contrast, high-latitude species are currently living

at environmental temperatures cooler than optimal,

such that climate warming may enhance fitness

(Deutsch et al. 2008). These important analyses sug-

gest that climate warming may have greater negative

consequences for tropical than for temperate organ-

isms, even if the magnitude of warming is smaller in

the tropics than in temperate regions.

The intrinsic rate of increase (r) integrates

age-specific patterns of survival and reproduction

into a single metric. Its use as a measure of total

fitness is most appropriate for populations with

overlapping generations in constant environments

once a stable age distribution has been achieved

(Roff 2002). To apply this approach to variable ther-

mal environments, Deutsch et al. (2008) used exper-

imental data to estimate r(T) (r at different constant

or mean temperatures T) and then compute the (ar-

ithmetic) mean r for a population based on temporal

variation in ambient temperature at a site. This

method is reasonable for limited environmental var-

iation in T, but may be misleading under conditions

when r(T) approaches zero. One key issue is how

different components of fitness contribute to total

fitness in variable environments (Levins 1962;

Tuljapurkar 1990; Roff 2002). Here we illustrate

this issue for organisms with distinct immature and

adult life stages.

For simplicity, consider a semelparous organism

with an immature (prereproductive) stage that then

reproduces once as an adult at age G. In a constant

environment, the overall fitness r is:

r ¼ ln½R0�=G ¼ ln½SF�=G ð1Þ

Insect life cycles and climate change 7
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where R0¼ net reproductive rate; S¼ probability of

survival to reproduction; F¼ adult fecundity; and

G¼ generation time. Note that in the case of semel-

parity, adult fecundity F¼R0/S. In general, each of

these parameters varies with T—i.e., S(T), R0(T),

F(T), and G(T). Suppose environmental temperature

varies temporally over a wide range, including ex-

treme high (or low) temperatures at which S(T)

and/or R0(T) approach zero. Under extreme fluctu-

ating temperatures, reproduction may stop tempo-

rarily, then resume when temperatures allow. In

this case, the (arithmetic) mean reproduction over

time and temperature will properly account for the

contributions of reproduction to overall fitness. In

contrast, if extreme temperatures force immature

survival to zero, the population will go extinct, re-

gardless of future thermal conditions and potential

fecundity (Levene 1953; Gilchrist 1995, 2000). Thus,

in fluctuating environments, survival of juveniles,

and reproduction by adults may affect total fitness

in quite distinct ways.

These considerations suggest that knowing both

S(T) and R0(T) is essential for predicting the fitness

consequences of fluctuating environments and cli-

mate change. For example, suppose that for some

high-temperature anomaly Th, S(Th)40 when

R0(Th)¼ 0. In this case, the population may survive

temporarily at temperatures that prevent reproduc-

tion— i.e., when r(Th)¼ 0. How, then, for insects do

the survival of immature and reproduction by adults

vary with temperature? How does rates change with

latitude, and with natural thermal variation, observed

in the field?

To address these questions, we examined the set of

insect species analyzed by Deutsch et al. (2008) and

Frazier et al. (2006). From the original data (Frazier

et al. 2006; Supplementary Material), we extracted

data on survival of immatures (to adulthood or

first reproduction), generation time (G), net repro-

duction rate (R0) and r at different temperatures. We

obtained useful data on survival, reproduction and r

at four or more temperatures for 12 species. We also

used the critical thermal limit (CTmax) estimated for

each species (Frazier et al. 2006; Deutsch et al. 2008).

Note that these fitness and CTmax values are based

on studies using constant or mean temperatures ex-

perienced throughout the life cyle for each species:

CTmax values based on acute, short-term exposure

would undoubtedly be higher. Accordingly, we used

weather data for the monthly mean of mean daily

ambient temperatures at each site to compute the

overall mean temperature (Temean) and the maxi-

mum monthly mean temperature (Temax, mean tem-

perature of the warmest month) for the past 50 years

(1960–2009) at each site. We used data for monthly

rather than daily mean temperatures because the

generation times of most of these species is on the

order of several weeks to several months and, there-

fore, similar to the time scales at which fitness and

CTmax values were measured.

Several interesting results emerge (Fig. 4). First,

r (intrinsic rate of increase) generally has a higher

optimal temperature (Topt) than does R0 (net repro-

ductive rate) (Huey and Berrigan 2001). This occurs

because increased temperature reduces the generation

time (G), and G has a strong effect on r but not on

R0 [see Equation (1)].

Second, at high temperatures (above Topt), the de-

cline in survival and reproduction vary widely among

species (Fig. 4 and Supplementary Figure). In some

cases, S and R0 decline toward zero at similar rates

(e.g., Fig. 4, upper left and lower left); in other cases

R0 declines more rapidly than S at high temperatures

(e.g., Fig. 4, lower right). In general, however, insects

had high rates of mortality at the same high mean

temperatures that also preclude reproduction; as a

result, (arithmetic) mean r does not fully capture

the fitness consequences of high temperatures in

fluctuating climates—because extreme temperatures

cause mortality.

Third, data for fitness and its components at

higher temperatures are quite limited for some spe-

cies; in many cases the value of r at the highest mea-

sured temperature was 480% of the maximum r (at

the optimal temperature) (Fig. 4 and Supplementary

Figure). These limits temper our confidence in pre-

dicting fitness at extreme temperatures. For example,

for Acyrthosiphon pisum (Supplementary Figure), the

estimated value of CTmax (based on the measured

values of r) is 468C, higher than the highest mea-

sured temperature.

The fourth result concerns the relationship of the

upper thermal limits of a species (CTmax: Fig. 4,

plus) and maximum monthly temperatures expe-

rienced in the field (Temax: Fig. 4, asterisks). For

some species, Temax4CTmax, and this occurs for

both high-latitude (e.g., Fig. 4, upper left) and trop-

ical (Fig. 4, lower right) species. Differences between

Temax and CTmax can vary substantially at similar

latitudes, and there is no simple relationship be-

tween latitude and (Temax�CTmax) (Fig. 4 and

Supplementary Figure). We have full data for only

a single species (Fig. 4D) from latitudes 5208, and

Temax4CTmax by 458C in this case. This is con-

sistent with previous analyses showing that many

tropical ectotherms already experience environmental

temperatures near their upper thermal limits for

8 J. G. Kingsolver et al.
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survival and reproduction (Deutsch et al. 2008;

Tewksbury et al. 2008).

More data on responses to high temperatures by

tropical species are urgently needed (Brattstrom

1968; Deutsch et al. 2008). However, our limited

data support the hypothesis that TPCs and thermal

limits of ectotherms reflect extremely high environ-

mental temperatures rather than mean or ‘‘typical’’

conditions (Heinrich 1977; Huey and Kingsolver

1993). Our results also imply that the thermal

‘‘safety margins’’ of ectotherms at higher latitudes

may be smaller than suggested by previous

analyses (Deutsch et al. 2008; Tewksbury et al.

2008). As a consequence, future climate warming—

particularly increase in the frequency of ex-

treme high temperatures—may have negative

consequences for fitness of both temperate and trop-

ical species.

Summary and prospects: stage-specific
environmental responses and climate

change

A major theme of this article is that different life

stages can experience very different climatic condi-

tions. Life stages often occur in different seasons and

live in different habitats and microhabitats. In addi-

tion, changes in size and shape across life stages alter

the exchanges of mass and energy that determine

patterns of body temperature and water balance.

These factors may be particularly important in un-

derstanding responses of different life stages to var-

iation and extremes in environmental temperature

Fig. 4 Components of fitness (proportion of maximum) as functions of mean rearing temperature for four insect species from different

latitudes, in relation to climate conditions during 1960–2009. Net reproductive rate, R0: Solid gray line and open circles. Intrinsic rate of

population increase, r: Solid black line and filled circles. Survival of juveniles (to adulthood or first reproduction), s: Dashed orange line

and open squares. Generation time (reciprocal), 1/G: Dashed blue line and filled squares. Critical thermal maximum (CTmax) for each

species (from Frazier et al. 2006) is indicated as a plus sign. Mean annual temperature and the mean temperature for the hottest month

at each site over the period 1960–2009 are also indicated as asterisks. Data for fitness components are derived from source papers by

Frazier et al. (2006) (Supplementary Material).
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and water. For example, in Manduca, larvae are

much more likely to experience extremely high tem-

peratures and low humidities (see above) than are

either eggs or pupae, due to a combination of mi-

crohabitat and large size (Fig. 2). These issues are

likely to be even more important for organisms

whose life cycles include both terrestrial and aquatic

stages. For example, many semi-aquatic insects spend

egg and juvenile stages in water but adulthood on

land. Because water has much higher heat capacity

than does air, the water-dwelling stages are likely, in

general, to experience much lower mean tempera-

tures and substantially reduced variability. Vannote

and Sweeney (1980) compiled data on diurnal and

seasonal temperature variation at White Clay Creek

(398530 N 758470 W; southeastern Pennsylvania).

Although the seasonal variation was substantial

(range 168C), diurnal variation in water temperature

was only 3–58C (Vannote and Sweeney 1980).

Clearly, aquatic eggs and larvae will experience

much moister, colder, more thermally stable condi-

tions than would emergent, terrestrial adults.

Environmental differences among life stages have

several important consequences for responses to cli-

mate change. First, changes in seasonal climate, and

in climate variability, may strongly affect some life

stages but not others; demographic analyses will be

critical for predicting the consequences of these ef-

fects for abundances and geographic distributions.

For example, although studies of insect demography

frequently identify specific life stages and fitness

components that most strongly influence population

fluctuations (Dempster 1983; Kingsolver 1989;

Crozier 2003; Doak et al. 2006), changes in seasonal

patterns of climate may alter which life stages are

most important in determining overall fitness of a

population.

Life stages can evolve different physiological re-

sponses to temperature, water and other environ-

mental factors. For large, holometabolous insects,

differences in thermal sensitivity between larvae and

adults are well established, and stem primarily from

the substantial thermal and energetic requirements

for flight (Heinrich 1993). Our results for Manduca

indicate stage-specific differences in developmental

rates and thermal tolerance among eggs, larvae, and

pupae that reflect microclimatic differences in expo-

sure to temperature fluctuations and extremely high

temperatures (Fig. 2). We emphasize that these re-

sults are from animals reared under constant con-

ditions; we expect even greater differences among

stages under more realistic, fluctuating conditions

(Kingsolver et al. 2009; Potter et al. 2009). To our

knowledge, there are remarkably few data available

on physiological responses to temperature and other

climatic factors across life stages (Tucic 1979).

The existence of differences among life stages

raises an important issue: are physiological responses

phenotypically or genetically correlated across life

stages? For example, if changes in climate generate

selection and evolution for increased heat tolerance

in larvae, will larval evolution lead to correlated evo-

lutionary responses in heat tolerance (or other traits)

in eggs or pupae? (Lande and Arnold 1983) We are

not aware of data that addresses this issue; studies

in quantitative genetics or experimental evolution

would be particularly valuable.

Numerous studies document that populations and

species adapt to local climatic conditions by a variety

of mechanisms. Our discussion emphasizes that life

stages of an individual can adapt to local conditions

via different mechanisms. For example, Colias larvae

under different climatic conditions differ in their

TPCs for feeding and development rates but not in

morphological traits; conversely, Colias adults differ

in morphological traits (wing melanin and thoracic

fur) but not in TPCs for flight. As climate changes,

are morphological or physiological traits more likely

to show evolutionary responses? There is abundant

evidence for genetic variation, directional phenotypic

selection and microevolution for morphological

traits, including size and color pattern (Roff 1997;

Kingsolver et al. 2001b; Reznick and Ghalambor

2001; Siepielski et al. 2009), but far less information

on rapid evolution of physiological traits in nature

(Dalziel et al. 2009; Kitano et al. 2010; Barrett et al.

2011). Adaptive plasticity in response to climate

changes may also affect selection and evolutionary

responses in morphological and physiological traits.

In Colias (and other butterflies), adaptive plasticity

of wing melanin in response to photoperiod (and

in some cases, pupal temperature) has been docu-

mented (Watt 1969; Hoffman 1973, 1978).

Comparable plasticity (beneficial acclimation) of

TPCs for larval growth or development has not

been reported, although thermal acclimation has

sometimes been reported for other insects (Huey

et al. 1999).

Finally, recent analyses predict that the increasing

frequency of high temperatures during future climate

warming is likely to decrease mean fitness of insects

in tropical regions but increase it in temperate re-

gions (Deutsch et al. 2008). These studies properly

emphasize that responses to climate change involve

both the magnitude and the patterns of climate

warming and the thermal sensitivities (TPCs) of dif-

ferent species (Deutsch et al. 2008; Tewksbury et al.

2008). A key challenge is to define and estimate

10 J. G. Kingsolver et al.
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‘‘mean’’ fitness in fluctuating environments

(Tuljapurkar 1990; Roff 2002) and to parameterize

such models using laboratory measurements in sim-

plified (often constant) environmental conditions.

We suggest differences in sensitivity and tolerance

to high temperatures for different life stages and

components of fitness could alter our predictions

about the fitness consequences of climate change.

Our initial analyses of how changing temperature

affects mortality of juveniles, and reproduction of

adults, suggest that insect species in both temperate

and tropical regions have probably experienced ele-

vated mortality of juveniles in response to extremely

high temperatures during past decades—conditions

close to their upper thermal limits (CTmax) for sur-

vival. Such conditions, which could greatly increase

the likelihood of population extinction, will probably

be more frequent in the near future (Battisti and

Naylor 2009). These considerations, while prelimi-

nary, suggest that thermal safety margins for insects

may be smaller than indicated by previous analyses;

as a result, future climate warming may decrease fit-

ness and the persistence of populations in both trop-

ical and temperate insects. Exploring how seasonal

patterns of temperature variability under climate

changes will affect both survival of juveniles and re-

production by adults would be particularly valuable

for improving our predictions of the consequences of

global warming for fitness.

Acknowledgments

We thank Mike Angilletta, Goggy Davidowitz, Sarah

Diamond, Curtis Deutsch, Melanie Frasier, Ray

Huey, Fred Nijhout, Mike Sears, Jon Sprague, and

Josh Tewksbury for useful discussion or access to

supplementary data. Goggy Davidowitz, Ray Huey,

and Josh Tewksbury provided valuable comments

on a previous version of the manuscript. The

Whiteley Center at Friday Harbor and the National

Evolutionary Synthesis Center (NESCent) provided

ideal venues for planning and some initial analyses

by J.G.K.

Funding

National Science Foundation (grants EF-0905606 and

IOS-0641179 to J.G.K., IOS-0844916 to H.A.W.).

Supplementary Data

Supplementary data are available at ICB online.

References

Angert AL, Sheth SN, Paul JR. 2011. Incorporating population

variation in thermal performance into geographic range

shift predictions. Integr Comp Biol (doi:10.1093/icb/

icr048).

Bakken GS, Santer WR, Erskine DJ. 1985. Operative and stan-

dard operative temperature: tools for thermal energetics

studies. Am Zool 25:933–43.

Barrett RD, Paccard A, Healey TM, Bergek S, Schulte PM,

Schluter D, Rogers SM. 2011. Rapid evolution of cold tol-

erance in stickleback. Proc Biol Sci 278:233–8.

Battisti DS, Naylor RL. 2009. Historical warnings of future

food security with unprecedented seasonal heat. Science

323:240–4.

Bernays EA, Woods HA. 2000. Foraging in nature by larvae of

Manduca sexta–influenced by an endogenous oscillation.

J Insect Physiol 46:825–36.

Boggs CL, Watt WB, Ehrlich PR. 2003. Butterflies: ecology and

evolution taking flight. Chicago: University of Chicago Press.

Both C, Visser ME. 2005. The effect of climate change on the

correlation between avian life-history traits. Glob Change

Biol 11:1606–13.

Brattstrom BH. 1968. Thermal acclimation in anuran am-

phibians as a function of latitude and altitude. Comp

Biochem Physiol 24:93–111.

Buckley LB, Urban MC, Angilletta MJ, Crozier LG, Rissler LJ,

Sears MW. 2010. Can mechanism inform species’ distri-

bution models? Ecol Lett 13:1041–54.

Campbell GS, Norman JM. 1998. An introduction to envi-

ronmental biophysics. New York, NY: Springer Science.

Casey TM. 1976. Activity patterns, body temperature and

thermal ecology in two desert caterpillars (Lepidoptera:

Sphingidae). Ecology 57:485–97.

Coyne JA, Bundgaard J, Prout T. 1983. Geographic variation

of tolerance to environmental stress in Drosophila pseu-

doobscura. Am Nat 122:474–88.

Crozier L. 2001. Climate change and its effect on species

range boundaries: A case study of the sachem skipper but-

terfly, Atalopedes campestris. In: Schneider SH, editor. A

Change in the Weather: How Will Plants and Animals

Respond to Climate Change. Washington, DC: Island Press.

Crozier L. 2003. Winter warming facilitates range expansion:

cold tolerance of the butterfly, Atalopedes campestris.

Oecologia 135:648–56.

Dalziel AC, Rogers SM, Schulte PM. 2009. Linking genotypes

to phenotypes and fitness: how mechanistic biology can

inform molecular ecology. Mol Ecol 18:4997–5017.

Davidowitz G, Nijhout HF. 2004. The physiological basis of

reaction norms: the interaction among growth rate, the du-

ration of growth and body size. Integr Comp Biol 44:443–9.

Dempster JP. 1983. The natural control of populations of

butterflies and moths. Biol Rev 58:461–81.

Deutsch CA, Tewksbury JJ, Huey RB, Sheldon KS,

Ghalambor CK, Haak DC, Martin PR. 2008. Impacts of

climate warming on terrestrial ecotherms across latitude.

Proc Natl Acad Sci USA 105:6668–72.

Insect life cycles and climate change 11

 by guest on July 4, 2011
icb.oxfordjournals.org

D
ow

nloaded from
 

http://icb.oxfordjournals.org/cgi/content/full/icr015/DC1
http://icb.oxfordjournals.org/cgi/content/full/icr015/DC1
http://icb.oxfordjournals.org/


Diamond SE, Kingsolver JG. 2010. Environmental dependence

of thermal reaction norms: host plant quality can reverse

the temperature-size rule. Am Nat 75:1–10.

Doak P, Kareiva PM, Kingsolver JG. 2006. Fitness con-

sequences of choosy oviposition for a time-limited butter-

fly. Ecology 87:395–408.

Ellers J, Boggs CL. 2004. Functional ecological implications

of intraspecific differences in wing melanization in Colias

butterflies. Biol J Linn Soc 82:79–87.

Feder ME. 1997. Necrotic fruit: a novel model system for

thermal ecologists. J Therm Biol 22:1–9.

Fittinghoff CM, Riddiford LM. 1990. Heat sensitivity and pro-

tein synthesis during heat-shock in the tobacco hornworm,

Manduca sexta. J Comp Physiol B 160:346–56.

Frazier M, Huey RB, Berrigan D. 2006. Thermodynamics con-

strains the evolution of insect population growth rates:

‘‘Warmer is better’’. The Am Nat 168:512–20.

Ghalambor CK, Huey RB, Martin PR, Tewksbury JJ, Wang G.

2006. Are mountain passes higher in the tropics? Janzen’s

hypothesis revisited. Integr Comp Biol 46:5–17.

Gilchrist GW. 1995. Specialists and generalists in changing

environments. I. Fitness landscapes of thermal sensitivity.

Am Nat 146:252–70.

Gilchrist GW. 2000. The evolution of thermal sensitivity

in changing environments. In: Storey KB, Storey JM,

editors. Cell and molecular responses to stress: environ-

mental stressors and gene responses. Amsterdam: Elsevier

Science. p. 55–70.

Hayes JL. 1981. The population ecology of a natural popula-

tion of the Pierid butterfly, Colias alexandra. Oecologia

49:188–200.

Hayes JL. 1984. Colias alexandra: a model for the study of

natural populations of butterflies. J Res Lep 23:113–24.

Heinrich B. 1970. Thoracic temperature stabilization by a

blood circulation in a free-flying moth. Science 168:580–2.

Heinrich B. 1977. Why have some animals evolved to regulate

a high body temperature? Am Nat 111:623–40.

Heinrich B. 1993. The hot-blooded insects. Cambridge:

Harvard University Press.

Helmuth B, Harley CD, Halpin PM, O’Donnell M,

Hofmann GE, Blanchette CA. 2002. Climate change and

latitudinal patterns of intertidal thermal stress. Science

298:1015–7.

Helmuth B, Kingsolver JG, Carrington E. 2005. Biophysics,

physiological ecology and climate change: does mechanism

matter? Ann Rev Physiol 67:177–201.

Hoffman RJ. 1973. Environmental control of seasonal

variation in the butterfly Colias eurytheme. I. Adaptive

aspects of a photoperiodic response. Evolution 27:

387–97.

Hoffman RJ. 1978. Environmental uncertainty and evolution

of physiological adaptation in Colias butterflies. Am Nat

112:999–1015.

Hoffmann AA, Sorensen JG, Loeschcke V. 2003. Adaptation

of Drosophila to temperature extremes: bringing together

quantitative and molecular approaches. J Therm Biol

28:175–216.

Huey RB, Berrigan D. 2001. Temperature, demography and

ectotherm fitness. Am Nat 158:204–10.

Huey RB, Berrigan D, Gilchrist GW, Herron JC. 1999. Testing

the adaptive significance of acclimation: a strong interence

approach. Am Zool 39:323–36.

Huey RB, Deutsch CA, Tewksbury JJ, Vitt LJ, Hertz PE,

Alvarez Perez HJ, Garland T. 2009. Why tropical forest

lizards are vulnerable to climate warming. Proc R Soc

276:1939–48.

Huey RB, Kingsolver JG. 1993. Evolutionary responses to

extreme temperatures in ectotherms. Am Nat 143:S21–46.

IPCC. 2007. Climate change 2007: the physical science basis.

Cambridge UK: Cambridge University Press.

Janzen DH. 1967. Why mountain passes are higher in the

tropics. Am Nat 101:233–49.

Joesten ME, Royston ME, Jimenez M, Wadewitz A, Melian D,

Lockshin RA. 1982. Gain and loss of fluid in metamor-

phosing larvae of Manduca sexta. J Insect Physiol

28:589–99.

Kearney M, Porter WP. 2009. Mechanistic niche modelling:

combining physiological and spatial data to predict species’

ranges. Ecol Lett 12:334–50.

Kingsolver JG. 1983a. Ecological significance of flight activity

in Colias butterflies: implications for reproductive strategy

and population structure. Ecology 64:546–51.

Kingsolver JG. 1983b. Thermoregulation and flight in Colias

butterflies: elevational patterns and mechanistic limitations.

Ecology 64:534–45.

Kingsolver JG. 1989. Weather and the population dynamics of

insects: integrating physiological and population ecology.

Physiol Zool 62:314–34.

Kingsolver JG. 1995a. Fitness consequences of seasonal poly-

phenism in western white butterflies. Evolution 49:942–54.

Kingsolver JG. 1995b. Viability selection on seasonally poly-

phenic traits: wing melanin pattern in western white but-

terflies. Evolution 49:932–41.

Kingsolver JG. 2000. Feeding, growth and the thermal envi-

ronment of Cabbage White caterpillars, Pieris rapae L.

Physiol Biochem Zool 73:621–8.

Kingsolver JG, Hoekstra HE, Hoekstra JM, Berrigan D,

Vignieri N, Hill CE, Hoang A, Gilbert P, Beerli P. 2001a.

The strength of phenotypic selection in natural popula-

tions. Am Nat 157:245–61.

Kingsolver JG, Hoekstra HE, Hoekstra JM, Berrigan D,

Vignieri SN, Hill CH, Hoang A, Gibert P, Beerli P.

2001b. The strength of phenotypic selection in natural pop-

ulations. Am Nat 157:245–61.

Kingsolver JG, Massie KR, Ragland GJ, Smith MH. 2007.

Rapid population divergence in thermal reaction norms

for an invading species: Breaking the temperature-size

rule. J Evol Biol 20:892–900.

Kingsolver JG, Nagle AM. 2007. Evolutionary divergence in

thermal sensitivity and diapause of field and laboratory

12 J. G. Kingsolver et al.

 by guest on July 4, 2011
icb.oxfordjournals.org

D
ow

nloaded from
 

http://icb.oxfordjournals.org/


populations of Manduca sexta. Physiol Biochem Zool

80:473–9.

Kingsolver JG, Ragland GJ, Diamond SE. 2009. Evolution in

the constant environment: thermal fluctuations and ther-

mal sensitivity in laboratory and field populations of

Manduca sexta. Evolution 63:537–41.

Kingsolver JG, Watt WB. 1983. Thermoregulatory strategies

in Colias butteflies: thermal stress and the limits to adap-

tation in temporally varying environments. Am Nat

121:32–55.

Kingsolver JG, Watt WB. 1984. Mechanistic constraints and

optimality models: thermoregulatory strategies in Colias

butterflies. Ecology 65:1835–9.

Kitano J, Lema SC, Luckenbach JA, Mori S, Kawagishi Y,

Kusakabe M, Swanson P, Peichel CL. 2010. Adaptive diver-

gence in the thyroid hormone pathway in the stickleback

radiation. Curr Biol 20:2124–30.

Lande R, Arnold SJ. 1983. The measurement of selection on

correlated characters. Evolution 37:1210–26.

Levene H. 1953. Genetic equilibrium when more than one

ecological niche is available. Am Nat 87:331–3.

Levins R. 1962. Theory of fitness in a hetergeneous environ-

ment. I. The fitness set and adaptive function. Am Nat

96:361–73.

Madden AH, Chamberlin FS. 1945. Biology of the tobacco

hornworm in the southern cigar-tobacco district.

Technical Bulletin. Washington (DC): United States

Department of Agriculture. No: 896:1–51.

Meynard CN, Quinn JF. 2007. Predicting species distribu-

tions: a critical comparison of the most common statistical

models using artificial species. J Biogeo 34:1455–69.

Morin X, Thuiller W. 2009. Comparing niche-and process-

based models to reduce prediction uncertainty in species

range shifts under climate change. Ecology 90:1301–13.

Nijhout HF. 1986. Pattern and pattern diversity on

Lepidopteran wings. BioScience 36:527–33.

Opler PA, Lotts K, Naberhaus T, editors. 2010. Butterflies and

moths of North America. Bozeman (MT): Big Sky Institute.

Petersen C, Woods HA, Kingsolver JG. 2000. Stage-specific

effects of temperature and dietary protein on growth and

survival of Manduca sexta caterpillars. Physiol Entomol

25:35–40.

Potter K, Davidowitz G, Woods HA. 2009. Insect eggs pro-

tected from high temperature by limited homeothermy of

plant leaves. J Exp Biol 212:3448–54.

Potter KA, Davidowitz G, Woods HA. 2010. Cross-stage con-

sequences of egg temperature in the insect Manduca sexta.

Funct Ecol 1365:2435.

Rabb RL. 1966. Diapause in Protoparce sexta (Lepidoptera:

Sphingidae). Ann Entomol Soc Am 59:160–5.

Rabb RL. 1969. Diapause characteristics of two geographical

strains of the tobacco hornworm and their reciprocal

crosses. Ann Entomol Soc Am 62:1252–9.

Ray AJ, Barsugli JJ, Averyt KB. 2008. Climate change

in Colorado: a synthesis to support water resources

management and adaptation. Boulder (CO): University

of Colorado, Boulder (http://cwcb.state.co.us/public-

information/publications/Documents/ReportsStudies/

ClimateChangeReportFull.pdf).

Reavey D. 1993. Why body size matters to caterpillars.

In: Stamp NE, Casey TM, editors. Caterpillars: ecological

and evolutionary constraints on foraging. New York:

Chapman and Hall. p. 248–79.

Reynolds SE, Nottingham SF. 1985. Effects of temperature on

growth and efficiency of food utilization in fifth instar cat-

erpillars of the tobacco hornworm, Manduca sexta. J Insect

Physiol 31:129–34.

Reznick DN, Ghalambor CK. 2001. The population ecology of

contemporary adaptations: what do empirical studies reveal

about the conditions that promote adaptive evolution.

Genetica 112–3:183–98.

Roff DA. 1997. Evolutionary Quantitative Genetics. New

York: Chapman and Hall.

Roff DA. 2002. Life history evolution. Sunderland, MA:

Sinauer Associates.

Roland J. 1999. Melanism and diel activity of alpine Colias

(Lepidoptera: Pieridae). Oecologia 53:214–21.

Rothschild W, Jordan K. 1903. A revision of the lepidopterous

family Sphingidae. London: Hazell, Watson and Viney.

Ruibal R. 1961. Thermal relations of five species of tropical

lizards. Evolution 15:98–111.

Sherman PW, Watt WB. 1973. The thermal ecology of some

Colias butterfly larvae. J Comp Physiol 83:25–40.

Siepielski AM, DiBattista JD, Carlson SM. 2009. It’s about

time: the temporal dynamics of phenotypic selection in

the wild. Ecol Lett 12:1–16.

Smith WK. 1978. Temperature of desert plants: another

perspective on the adaptability of leaf size. Science

201:614–6.

Springer P, Boggs CL. 1986. Resource allocation to oocytes:

heritable variation with altitude in Colias philodice eriphyle

(Lepidoptera). Am Nat 127:252–6.

Stamberger JA. 2006. Adaptation to temporal scales of het-

erogeneity in the thermal environment. Biological Sciences.

Palo Alto, CA: Stanford University.

Stanton ML. 1984. Short-term learning and the searching

accuracy of egg-laying butterflies. Anim Behav 32:33–40.

Stillman JH. 2003. Acclimation capacity underlies susceptibil-

ity to climate change. Science 301:65–6.

Sunday JM, Bates AE, Dulvy NK. Forthcoming 2011. Global

analysis of thermal tolerance and latitude in ectotherms.

Proc RSoc B.

Tabashnik BE. 1980. Population structure of Pierid butterflies.

Oecologia 47:175–83.

Tewksbury JJ, Huey RB, Deutsch CA. 2008. Putting the heat

on tropical animals. Science 320:1296–7.

Tucic N. 1979. Genetic capacity for adaptation to cold resis-

tance at different developmental stages of Drosophila mela-

nogaster. Evolution 33:3508.

Tuljapurkar S. 1990. Delayed reproduction and fitness in var-

iable environments. Proc Natl Acad Sci USA 87:1139–43.

Insect life cycles and climate change 13

 by guest on July 4, 2011
icb.oxfordjournals.org

D
ow

nloaded from
 

http://cwcb.state.co.us/publicinformation/publications/Documents/ReportsStudies/
http://icb.oxfordjournals.org/


Vannote RL, Sweeney BW. 1980. Geographic analysis of ther-

mal equilibria: a conceptual model for evaluating the effect

of natural and modified thermal regimes on aquatic insect

communities. Am Nat 115:667–95.

Watt WB. 1968. Adaptive significance of pigment poly-

morphisms in Colias butterflies. I. Variation of melanin

pigment in relation to thermoregulation. Evolution

22:437–58.

Watt WB. 1969. Adaptive significance of pigment polymor-

phisms in Colias butterflies, II. Thermoregulation and

photoperiodically controlled melanin variation in Colias

eurytheme. Proc Natl Acad Sci USA 63:767–74.

Watt WB. 1974. Adaptive significance of pigment polymor-

phisms in Colias butterflies. III. Progress in the study of the

‘‘alba’’ variant. Evolution 27:537–48.

Watt WB. 2003. Mechanistic studies of butterfly adaptation.

In: Boggs CL, Watt WB, Ehrlich PR, editors. Butterflies:

ecology and evolution taking flight. Chicago: University

of Chicago. p. 319–52.

Watt WB. 2004. Adaptation, constraint, and neutrality: mech-

anistic case studies with butterflies and then-general impli-

cations. In: Singh RS, Uyenoyama MK, editors. The

evolutin of population biology. Cambridge: Cambridge

University Press. p. 275–485.

Watt WB, Chew FS, Snyder LRG, Watt AG, Rothschild DE.

1977. Population structure of Pierid butterflies. I. Numbers

and movements of some montane Colias species. Oecologia

27:1–22.

Watt WB, Han D, Tabashnik BE. 1979. Population

structure of Pierid butterflies II. A ‘‘native’’ population

of Colias philodice eriphyle in Colorado. Oecologia

44:44–52.

Wheat CW, Watt WB. 2008. A mitochondrial-DNA-based

phylogeny for some evolutionary-genetic model species of

Colias butterflies. Mol Phyl Evol 47:893–902.

Williams JW, Jackson ST. 2007. Novel climates, no-analog

communities, and ecological surprises. Front Ecol Environ

5:475–85.

Williams JW, Jackson ST, Kutzbach JE. 2007. Projected dis-

tributions of novel and disappearing climates by 2100 AD.

Proc Natl Acad Sci USA 104:5738–42.

Woods HA. 2010. Water loss and gas exchange by eggs of

Manduca sexta: trading off costs and benefits. J Insect

Physiol 56:480–7.

Woods HA, Bonnecaze RT. 2006. Insect eggs at a transition

between diffusion and reaction limitation: temperature,

oxygen, and water. J Theor Biol 243:483–92.

Woods HA, Hill RI. 2004. Temperature-dependent oxygen

limitation in insect eggs. J Exp Biol 207:2267–76.

Woods HA, Sprague JC, Smith JN. 2009. Cavitation in the

embryonic tracheal system of Manduca sexta. J ExpBiol

212:3296–304.

Zrubek B, Woods HA. 2006. Insect eggs exert rapid control over

an oxygen-water tradeoff. Proc R Soc Biol Sci 273:831–4.

14 J. G. Kingsolver et al.

 by guest on July 4, 2011
icb.oxfordjournals.org

D
ow

nloaded from
 

http://icb.oxfordjournals.org/

